Abstract. New developments in detector technology allow for a realistic cost of large area surface detectors for cosmic ray air showers, with some limitations on particle identification, energy resolutions, directional information and dynamic range. In this paper, we present a simulation study using CORSIKA to quantify the lateral profile of the muons at ground level, characterized by their energy spectrum and lateral spread, and combine it with the depth at shower maximum (X max ) of an EAS initiated by a primary at energies 10 16 eV -10 19 eV. Using different primaries, we show that the combined muon observables and X max can identify the primary in a large fraction of the events, depending on the energy and the detector performance. This study provides important input parameters for the design of a future muon detector for surface array, which will be able to boost the knowledge of primaries and of the QCD interactions in the atmosphere.
Introduction
The Ultra High Energy Cosmic Rays (UHECRs) are the most energetic particles known, and their origin and composition are not well understood yet [1] [2] [3] [4] [5] . The detection of the UHECRs is difficult owing to the fact that their flux at higher energies is very low, and the only way to detect them is by observing the large cascades of secondary particles, known as the Extensive Air Showers (EAS), which are produced by the interaction of these cosmic rays with the atmosphere. The direct detectors placed in balloons or satellites, capable of probing the composition of cosmic primaries, reach energy up to about 10 14.5 eV only [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The state of the art experiments to detect the UHECRs are yet to be able to study all the key observables required. The energy and the incident direction of the primary cosmic rays into the atmosphere are reconstructed with precision, however, the composition of the primary mass remains an open question [19] [20] [21] [22] [23] [24] . The composition at different energies has strong implications on the sources, which are not completely known, the propagation, and possible interpretation of new physics involved at the highest energies. The galactic and extragalactic magnetic fields, the location of the source and its density evolution are still debated [25] [26] [27] [28] [29] . Establishing the mass composition at the high and ultra high energies, from the astrophysical reasons, bear fundamental importance as it would provide information on various origins and propagation of the cosmic rays [30] [31] [32] [33] [34] [35] [36] [37] [38] . A related question is the hadronic interactions at ultra high energies, beyond the reach of current accelerators, governing the initial evolution of the EAS. The hadronic interactions are parameterized by various models, however, at the highest energies all exhibit significant uncertainties.
The muons in an Extensive Air Shower are sensitive to the primary composition and to the hadronic interaction properties. The muons are produced essentially from decaying charged mesons, and can be a fundamental tool to map the high energy hadronic interaction, as the individual particle signature is not washed out as in the electromagnetic component. In a typical EAS, muons represent about 10% of all the charged particles. A large fraction of the muons reach the ground due to a low interaction cross section and a long decay time, and they have a wide lateral distribution. Most of the muons are produced in the upper atmosphere, typically 15 km above ground level, and lose about 2 GeV of their energy to ionization by the time they reach the ground. The energy and angular distribution of the muons reaching the ground depends on the production spectrum, their energy loss through the atmosphere and decays. For negligible muon decay (E µ > 100/cos θ GeV), negligible curvature of the Earth (θ < 70 • ) the overall muon number spectrum can be expressed by an approximate extrapolation formula, [39, 40] Here, the two terms give the contribution of pions and charged kaons respectively. The contribution from charm and heavier flavors are negligible except at very high energy, and is neglected in this formula. The approximate expression for the total number of muons (N µ ) at energies above 1 GeV, given by Greisen [41] , is 2) where N c is the total number of charged particles in the shower. The lateral spread of the muons would be larger than the other charged particles, and would depend on the factors like the transverse momenta of the muons at the point of their production and muon-multiple scattering. The spread has large fluctuation shower to shower, even showers with identical primary mass and energy. The number of muons per square meter ρ R , as a function of the lateral distance R (m) from the core of the shower is expressed as
where Γ is the gamma function. Large area detectors and appropriate discrimination against the much more abundant electromagnetic particles are needed for muon detection. The measurement of the individual charged particles in an extensive air shower (EAS), at a surface detector array, would provide important distinguishing parameters to identify the cosmic primary particle. These will also contribute to the mapping of the very high energy interactions in the topmost layers of the atmosphere, i.e., beyond the reach of current accelerators, and to probe anomalies beyond QCD. The ongoing attempts to study individual muons are limited in their expandability to larger arrays [42, 43] .
New developments in detector technology allow for a realistic cost of large area detectors. Examples of these are gas filled photon sensors such as THGEMs [44] or resistive plate WELL [45, 46] , as well as other techniques developed worldwide such as Resistive Plate Chambers [47] . The long term stability of these solutions is improving gradually, which is a major step for surface array applications. The application for a muon detector is possible through use of Ring Imaging Cerenkov, varying Cerenkov thresholds or others, and would require specific design based on the desired performance. A major part of the work performed in this paper is aimed at identifying the requirements in terms of energy, temporal and spatial resolutions that would suffice for important insights to cosmic ray physics.
This work aims at advancing towards primary identification, shower-by-shower, with the observables of the muon component of an EAS. The energy and position of the muons in a simulated EAS, combined with the depth at shower maximum, X max , and the energy of the primary E p , are used in a log likelihood analysis to distinguish the primaries. The paper is organized in the following way. Section (2) describes the simulation. In Section (3), the parametrization of the muon component of an EAS are described. Section (4) discusses the results in distinguishing the showers from light and heavy primaries, choosing protons and Fe to be representative of the two groups. Finally, in Section (5), a brief summary of the work is presented with remarks on its possible application.
Simulation details
In this section, we describe about the details of the air shower simulation.
EAS simulation
Here we describe the simulation of the EAS events and their translation in a horizontal array of detectors. The extensive air showers, initiated by cosmic ray primaries of different masses, energies and directions, are generated in CORSIKA Monte Carlo program [48] . CORSIKA studies in detail how an EAS evolves in the atmosphere, and allows to simulate the interactions and decays of nuclei, electrons, photons, hadrons and muons. CORSIKA contains several models and generators to treat the high energy hadronic interactions, namely the DUAL Parton Model (DPMJET) [49] , the quark-gluon-string model (QGSJET01) [50, 51] , the mini jet model SIBYLL [52, 53] , VENUS [54] , NEXUS [55] , EPOS LHC [56] , and QGSJETII-04 [57, 58] . The low energy hadronic interactions are simulated with one of FLUKA [59] , GHEISHA [60] or UrQMD [61] models. The type, energy, location, direction and arrival time of all the secondary particles up to thinning level are the outputs of this program. In COR-SIKA, all particle decay branches down to 1% are taken into account. Thinning is not used for muons, as we follow each separately. We choose a few primaries and generate showers for different primary energies and zenith angles. Some of the parameters used in simulating the air showers are listed in table 1.
Detection
The information (energy, direction, location) of the secondary muons produced in an EAS is then translated through an array of 2 m × 2 m detectors. We consider various scenarios of the separation between the detector stations, to collect 100% (no separation), 1% (20 m), 0.16% (50 m) and 0.01% (200 m) of the muons. Apart from the case of an ideal muon detector with 100% detection efficiency and ideal energy resolution, the detector characteristics were varied so that we analyze the prospect of a realistic detector. The muon energy range used in the analysis is 0.5 GeV -50 GeV.
The lateral spread of the muons in EAS
In this study, the lateral distribution at ground lever of the muons originating from an air shower is probed for different primary mass species. The difference in the average distribu- Table 1 : The values of some parameters used in CORSIKA-simulation tions for cosmic primaries is an important distinguishing parameter and is used to develop a statistical toolkit to identify the mass of the primaries.
3.1
The average muon number density (lateral) as a function of (E µ , R, X max )
We start with comparing the number of muons in proton and Fe initiated showers. In figure 1 , we show the dependence of the number of muons (N µ ) as a function of X max , at a few chosen segments in E µ and R. It can be seen from figure 1 that, the variation in N µ and its behavior with X max is significant even at a reasonable distance from the shower core. This is an important feature for this study.
In this work we obtain a correlation among the muon energy, the lateral position of the muons with respect to the shower core, and the X max of the shower. All these parameters have significant fluctuation shower-to-shower. 100 showers for proton and Fe each are used for best fitting. Using the simulated events, we calculate the average lateral number density ρ ER 2 (per GeV per square meter) of the muon shower as a function of E µ (GeV), R (m) and X max . We build a map in (E µ , R) for each primary and X max which can be expressed in a functional, where,
. Apart from the dependence on E µ , C j i s also depend on the mass, energy and direction of arrival of the primary cosmic ray. In figure 2 , the dependence of the parameters C, R 1 0 , D and K with E µ are shown for a chosen E p and θ p . In figure 3 , the muon density maps of two reconstructed showers initiated by 
Parametrization of the lateral muon profile for different primary mass
The number density of muons and the lateral muon profile are then employed to track the primary-type using a basic likelihood test for differentiating between hypotheses. A likelihood function has been constructed using these two components,
where
and
Here, ρ i ER 2 is the normalized value of ρ i ER 2 for the i th muon, N obs µ is the number of muons observed in an air shower, and N exp µ is the expected number of muons which is calculated by integrating ρ ER 2 . Now a simple likelihood using the shape profiles from the models of Proton and Fe, and the deviation of the data of a shower from this average profile, gives us important discrimination between the primaries.
We define
= Λ shape + Λ n . Here, M1 and M2 refer to two different primary types. The muon profiles f s for M1 and M2 are calculated using appropriate values of C j i . The number densities of the muons vary with different primary parameters, due to the difference in the interaction.
Results
In this section we discuss the results of the analysis described in section 3.2. We show the potential of the likelihood parameter Λ in discriminating between showers from P and Fe primaries. Note that Λ has two components Λ shape and Λ n , which correspond to the contributions from the difference in the shower profile shape and the number of muons respectively. We study, with some chosen parameters of the primary particle, the effect of these two components for a number of detection choices.
P and Fe primaries
We start with an array of ideal 2m × 2m muon detectors. In an actual surface array, only a small fraction of the air shower secondaries are expected to get detected. We consider four arrangements of the detector stations: the ideal situation of continuous detectors with no gaps between the stations, detector stations 20m apart (a collection of 1% of the secondary muons), detector stations 50m apart (a collection of 0.16% of the secondary muons) and detector stations 200m apart (a collection of 0.01% of the secondary muons). The last two arrangements are close to a realistic array arrangements. We simulate 100 showers from each of the primary particle at a given energy. In order to have a significant statistics in a reasonable computation time, each of the showers is translated a number of times through the detector array at varying positions with respect to the shower core, and each of them are considered a new shower.
The Λ shape distributions for two sets of air showers from P and Fe primaries respectively are shown in figure 4 . For 100% collection efficiency the two distributions are significantly apart, raising interest to probe further at realistic collections at the detector. A collection of 1% of the entire muons with detector stations 20 m away from one another shows a distinction capability of more than 95% for the two primaries. A more realistic case of 0.16% collection from a detector array with 50 m spacings indicates that the primary detection is possible with more than 50% confidence. An array with 200 m spacing between stations shows rather marginal separation. The distributions of Λ n for the same sets of air showers are shown in figure 5 . For the ideal 100% collection efficiency, the two distributions are again wide apart. For detector stations 20 m apart (1% collection), the two primaries can be identified with about 75% confidence. For 0.16% collection, the separation capability is slightly less than 50%. For 0.1% collection, the identification capability is marginal. The two parameters (Λ shape and Λ n ) together will enhance the primary identification capability. In figure 6 the projection of the parameters on the two dimensional Λ shape -Λ n plane are shown. Confidence level contours at three different confidence levels (50%, 90% and 99%) are drawn for air showers from both P and Fe primaries. Figure 6 : Contours at 50%, 90% and 99% confidence levels in Λ shape -Λ n plane for P and Fe showers (E p = 10 16 eV, θ p = 0 • ± 2.5 • ) for different collection efficiencies in an array of simulated 2m × 2m ideal muon detectors. (Top-left) 100% collection, i.e., no gap between the detectors; (Top-right) 1% collection, i.e., detectors 20m apart; (bottom-left) 0.16% collection, i.e., detectors 50m apart; (bottom-right) 0.01% collection, i.e., detectors 200m apart.
In figure. 7, we show the confidence level contours for air showers generated from different primary energies. A rectangular array of 2m × 2m ideal muon detector stations situated 50 m apart from each other, which implies a collection efficiency of 0.16% is considered here. As the primary energy increases, the number of muons increases and the shape of the muon distributions on E µ -R plane can be expressed through the density functions ρ ER with lesser uncertainty. This improves the identification of the primary mass through Λ shape and Λ n , which is clear from figure. 7. 
Incorporating E µ resolution
All the results so far have been obtained for ideal muon detectors. We now add realistic detector resolution to E µ which is crucial to design a suitable muon detector. Figure 8 shows the 90% contours for four choices of the E µ resolutions as listed in table 2, which are added as Gaussian smearing to the true values of E µ . The choice σ 2 , which includes a finer resolution for E µ ≤ 10 GeV, shows marginal improvement. At the detector surface level, the muon energy spectrum peaks at a lower energy (<2 GeV) indicating that the low energy region is the most sensitive region for the analysis with muon number and lateral shape. 
More primary species
We now extend the analysis to a wide range of primary species. The air showers under study are distributed into three groups according to the mass number of their primaries as shown in Table 1 . We use 200 air showers in each group, distributed evenly among the primaries. We denote M I , M II and M III to be the corresponding shower profile models of Group I, Group II and Group III respectively. We obtain the following distinguishing parameters from the log-likelihood study.
; where k = I, II, III (4.1)
In figure 9 , the Λ shape -Λ n 2-dimensional contours are drawn for the three groups for the most ideal case of 100% collection with ideal muon detectors. Contours at 50% and 90% confidence levels in Λ shape -Λ n plane for three groups of primary chosen on the basis of primary mass. Here, E p = 10 16 eV and θ p = 0 • ± 2.5
• . An array of 2m × 2m ideal muon detectors is considered with collection efficiency 100%. An array of 2m × 2m muon detectors (σ Eµ = 20% for E µ < 10 GeV, σ Eµ = 50% for E µ > 10 GeV) is considered with collection efficiency 0.16% .
We then probe further with 0.16% collection. Figure 10 shows the results at 0.16% collection for showers at various energy of the primary in the range 10 16 eV -10 19 eV and realistic detector energy resolution.
Hadron models
The very high energy hadronic interactions are not well understood yet and are a major source of uncertainty in our analysis as well as other analyses in the field. The previous results use the interaction model QGSJET II-04. Here we probe the fluctuations arising from three different hadron interaction models: QGSJET II-04, EPOS LHC and SIBYLL, used to simulate the high energy interactions. Figure 11 compares the 90% confidence level contours for these three interaction models for air showers generated from P and Fe primaries. It can be easily seen that SIBYLL predicted shapes and numbers are significantly away from the other two models which in turn agree quite well with each other. Contours at 90% confidence level in Λ shape -Λ n plane for P and Fe primaries, for showers generated with three high energy interaction models QGSJETII-04, EPOS LHC and SIBYLL. Here, E p = 10 16 eV and θ p = 0 • ± 2.5
• . An array of 2m × 2m muon detectors (σ Eµ = 20% for E µ < 10 GeV, σ Eµ = 50% for E µ > 10 GeV) is considered with collection efficiency 0.16%.
Summary and future prospects
In this study, we performed a simulation study using CORSIKA to combine the longitudinal profile of the muons, characterized by their energy spectrum and lateral spread, with the depth at shower maximum (X max ) of an EAS initiated by a primary at ultra high energies (10 16 eV -10 19 eV). Firstly, using proton and iron as the shower primaries, we show that the muon observables and X max together can be used to identify the primary with relatively high acceptance and confidence. We find that for 0.16% muon collection using a detector array of 2m × 2m detectors 50m apart from each other, we can distinguish P and Fe primaries at an acceptance above 50%. This study is then generalized with three groups of primaries light, medium and heavy. The hadronic interaction models at higher energies are a major source of uncertainties, and we find a significant deviation among the models tested in this study. This deviation can also be a tool to probe the models at the UHE region using cosmic air shower data. The simulation involved 2m × 2m detector stations for muon detection. We find that a muon detector which is more sensitive to lower energies (E µ <10 GeV) improves the results. We will extend this study to detailed analysis of different interaction models. We plan to build a prototype surface station of such dimensions based on a scalable and economic technology, which would be sensitive to individual muons events and will be able to measure their energies and direction.
